Abstract To determine the infarct affinity of a low molecular weight contrast agent, Gd(ABE-DTTA), during the subacute phase of myocardial infarct (MI). Dogs (n = 7) were examined, using a closed-chest, reperfused MI model. MI was generated by occluding for 180 min the Left Anterior Descending (LAD) coronary artery with an angioplasty balloon. DE-MRI images with Gd(ABE-DTTA) were obtained on days 4, 14, and 28 after MI. Control DE-MRI by Gd(DTPA) was carried out on day 27. T2-TSE images were acquired on day 3, 13 and 27. Triphenyltetrazolium chloride (TTC) histomorphometry validated postmortem the existence of infarct. Gd(ABE-DTTA) highlighted the infarct on day 4, but not at all on day 14 or on day 28, following MI. On day 4, the mean ± SD signal intensity (SI) of infarcted myocardium in the presence of Gd(ABE-DTTA) significantly differed from that of healthy myocardium (45 ± 6.0 vs. 10 ± 5.0, P \ 0.05), but it did not on day 14 (11 ± 9.4 vs. 10 ± 5.7, P = NS), nor on day 28 (7 ± 1.5 vs. 7 ± 2.4, P = NS). The mean ± SD signal intensity enhancement (SIE) induced by Gd(ABE-DTTA) was 386 ± 165% on day 4, significantly different from mean SIE on day 14 (9 ± 20%), and from mean SIE on day 28 (12 ± 18%), following MI (P \ 0.05). The last two mean values did not differ significantly (P = NS) from each other. As control, Gd(DTPA) was used and it did highlight the infarct on day 27, inducing a mean SIE value of 312 ± 40%. The mean SIE on day 3, 13, or 27 did not vary significantly (P = NS) on the T2-TSE images (114 ± 41%, 123 ± 41%, and 150 ± 79%, respectively). Post mortem, the existence of infarcts was confirmed by TTC staining. The infarct affinity of Gd(ABE-DTTA) vanishes in the subacute phase of scar healing, allowing its use for infarct age differentiation early on, immediately following the acute phase.
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Introduction
Differentiation between acute and older MIs is of great importance in clinical decision-making. There are several clinical scenarios where differentiation between acute and older myocardial infarct may be crucial, such as exclusion of myocardial reinfarction in the presence of an old infarct, or localization of the ''culprit'' vessel in patients with multi-vessel CAD in acute Non-ST-segment-elevation-MI (NSTEMI) in the presence of an old MI.
In the last decade, delayed enhancement (DE) inversion recovery gradient echo (IR-GRE) MRI with standard extracellular contrast agents became the most important and accurate imaging tool for assessing either the localization, the transmurality, or the extent, of MIs [1] . DE is also capable of differentiating stunned myocardium from necrotic tissue in the acute phase [2] , and hibernated myocardium from scar tissue in the chronic phase, of a MI [3] . A significant shortcoming of this method is, however, that standard extracellular contrast agents used with DE-MRI highlight both acute and chronic MI. Also, the magnitude of signal intensity enhancement in the territory of MI in the two stages is similar [2, 4] .
We have shown [5, 6] that a low molecular weight MRI contrast agent developed in our laboratory, Gd(ABE-DTTA), induces a DE effect in acute (fourday old), but not in late subacute (four-week old), MI in a canine, double infarct model. The infarct affinity of Gd(ABE-DTTA), however, is not known between days 4 and 28 following MI. The purpose of the current study has been the determination of this affinity in the subacute phase of scar healing, and to compare it to the already known affinity during the late subacute phase. For the purpose of this comparison, a different MI model and experimental design were applied compared to those previously used [5, 6] . In the present study a single myocardial infarct was generated and followed longitudinally, and determination of the contrast agent's affinity was extended to day 14. This design allowed the comparison of the SIE produced by Gd(ABE-DTTA) on day 4 to those on day 14 as well as on day 28.
Gd(ABE-DTTA) is in investigational phase, and has no deleterious physiological effects [7] . Its clearance from the blood has a kinetics similar to that of blood pool contrast agents, although it also displays partly extracellular characteristics [8] . It demonstrates high affinity for acute MI [8] , with slow, distinctive tissue-persistent kinetics. Gd(ABE-DTTA) is taken up into, and is washed out from the acutely infarcted tissue slowly, in contradistinction from the kinetics of standard extracellular agents' uptake and wash-out. This CA attains its maximum concentration in the acutely infarcted tissue around 48 h after administration, but a useful contrast is already achieved at 24 h. The contrast remains detectable in the infarct for a few days [8] . Gd(ABE-DTTA) quantifies the extent of acute MI accurately [9, 10] .
We hypothesized that Gd(ABE-DTTA) differentiates similarly between acute and 2-week-old MI as it does between acute and 4-week old MI, i.e. the infarct affinity of Gd(ABE-DTTA) vanishes already in the subacute phase of scar healing.
Methods
Gd(ABE-DTTA) sample preparation and administration Gd(ABE-DTTA) was synthesized, and samples were prepared, as described by Saab et al. [11] . The in vitro relaxivity was measured for every sample [11] to guarantee consistent quality of agent sample before administration. Gd(ABE-DTTA) was administered at the dose of 0.05 mmol/kg 24 h before every Gd(ABE-DTTA)-enhanced DE-MRI session. This dose was four-fold lower than the typical dose (0.2 mmol/kg) at which Gd-DTPA had been used for DE-MRI, yet induced an in vitro relaxation enhancement equivalent to that of the higher dose Gd-DTPA.
Study design
Dogs (n = 7) were studied in a longitudinal, closedchest, reperfused, single MI model, as follows. MI was generated by occluding for 180 min the LAD coronary artery with an angioplasty balloon. Inversion-recovery fast gradient echo (IR-FGE) MRI images were obtained on days 4, 14, and 28 after MI, and delayed enhancement was generated with Gd(ABE-DTTA). On days 13 and 27 post MI, the same MRI IR-FGE image sequence was used without contrast agent, to demonstrate that the previously administered tissue-persistent CA, Gd(ABE-DTTA), totally cleared from the myocardial infarct as judged by comparison to precontrast images. In addition, control visualization of the infarct was carried out on day 27 with Gd(DTPA) (standard extracellular contrast agent), to ascertain that the infarct was still in place despite the fact that the acute-infarct specific agent did not highlight it. To avoid a potential interaction of the two CAs, Gd(ABE-DTTA) was administered on day 27 only upon the complete clearing of Gd(DTPA). T2-weighted Turbo Spin Echo (T2-TSE) images were acquired on day 3, 13 and 27 before contrast agent administration. Outline of the experimental design is shown in Fig. 1 .
Surgical procedure
The animal protocol was approved by the IACUC of our institution in full compliance with the 'Guidelines for the Care and use for Laboratory Animals' (NIH). Seven male hounds (18-20 kg) were used. Twelve hours prior to procedure food was taken away and 325 mg Aspirin given. Hounds were anesthetized with a Ketamine (5.0 mg/kg) and Diazepam (0.5 mg/ kg) mixture, intubated, and connected to a Hallowell EMC Model 2000 respirator (Pittsfield, MA, USA) operated with a tidal volume of 400 ml at a rate of 16 BPM. Anesthesia was maintained by continuous flow of Isoflurane (2.5-3 volume %), and repeated Fentanyl (50-100 ug I.V. every 30 min) administration. ECG electrodes were placed on the chest to record electrophysiological signs of myocardial ischemia and arrhythmias. Heart rate and blood oxygen saturation were monitored using a pulse-oxymeter with the probe placed on the animal's tongue. The left femoral artery was separated surgically and an arterial sheath (6-8 French) was inserted. An I.V. line was placed to administer infusion and drugs. Heparin (100 IU/kg) was given intravenously to maintain the activated clotting time (ACT) above 300 s. A properly sized 2-3 mm angioplasty balloon was introduced into the LAD under fluoroscopic guidance and inflated for 180 min to create MI. Thereafter, the balloon was deflated to restore coronary circulation. Fluoroscopic coronary angiography confirmed the onset of reperfusion after balloon deflation. On day 3, 4, 13, 14, 27, and 28 following MI, animals were re-anesthetized as described above, and MRI studies performed. After the last MRI session, animals were sacrificed, hearts were excised and sliced (5 mm thick slices). TTC staining (2%, 37°C) was carried out to validate the existence of myocardial infarcts. Both sides of each TTC slice were digitally photographed.
Magnetic resonance imaging A 1.5T GE Signa-Horizon CV/i scanner (Milwaukee, WI, USA) was used. A cardiac phased-array coil and ECG gating were employed. Breath-hold was performed using a manual switch on the respirator at end-expiration. A 180°-prepared, segmented, inversion-recovery fast gradient-echo (IR-FGE) pulse sequence was used with: Field of View (FOV) of 30 cm, Echo Time (TE) of 3.32 ms, Views per Segment of 16, Shot Length of 114.8 ms, Repetition Time (TR) two cardiac cycles (1100-1600 ms), slice thickness of 10 mm, Image Matrix of 256 9 256, Flip Angle of 25°, NEX of 1. The Inversion Time (TI) was optimized to null the signal in normal myocardium. Double inversion-recovery (blackblood) fast-spin-echo images were generated at enddiastolic phase of the cardiac cycle with the following parameters: FOV of 30 cm, TE of 60 ms, Echo Train Length of 16, Shot Length of 140 ms, TR of two cardiac cycles (1100-1600 ms), Slice Thickness of 10 mm, Image Matrix of 256 9 256, Flip Angle of 90°, NEX of 1. Conventional cardiac angulation planes were set and short axis slices covering the entire LV were obtained (six slices per heart). The scan (breathhold at end-expiration) time per image was 15-20 s for DE-MRI or for T2w imaging. The total imaging time was around 6 min for both sequences.
Contrast agent
In the MRI session on day 13, the IR-FGE sequence was used without CA administration. On day 27, a 0.2 mmol/kg Gd(DTPA) (Magnevist, Schering, Kenilworth, NJ) bolus was administered intravenously. DE images were acquired with the IR-FGE sequence 15-20 min thereafter. In the MRI sessions on days 4, 14, and 28, DE images were similarly obtained, 24 h after i.v. administration of 0.05 mmol/kg Gd(ABE-DTTA).
Image analysis MRI Dicom images were imported as image sequences with the use of ImageJ. In all images, the endo-, and epicardial contours were traced manually. Efforts were taken to avoid including any artificially high signal intensity (SI) due to inadequately suppressed slow flow within the left ventricular cavity space on T2w images. Large regions of interests, remote from the infarct, were selected to measure baseline SI ± SD of the healthy myocardium. All other analyses were automated to eliminate observer bias. In accordance with the literature [12] , pixels with SI above the mean ? 6 SD of the normal myocardium were regarded as ''enhanced'' pixels. A myocardial region was regarded as affected [13] when at least 10 connected pixels of the myocardium revealed enhanced signal intensity. Regions of interest (ROIs) were drawn automatically (by ImageJ) around all areas of the affected pixels in every infarct-affected slice, and their mean SI was measured. If no 10 connected enhanced pixels were found in any slice of a DE image set, an ROI (*100 pixels) was placed in the center of infarcted (but unenhanced) myocardium based on TTC staining [14] , and the mean SI was measured on the stored image. The mean percent SIE was computed by [15] :
where SI i and SI n were the mean signal intensity in infarct and normal myocardium, respectively.
Statistical analysis
Statistical analysis was carried out by SigmaStat (Version 2.03; SPSS Inc, Chicago, IL, USA) and SPSS (Release 13.0; SPSS Inc, Chicago, IL, USA).
Results are reported as mean ± SD. One-way repeated measures analysis of variance was used to compare mean signal intensity enhancement (SIE) of DE images enhanced by Gd(ABE-DTTA) or by the T2 weighting sequence on the different days, since these data sets passed both the normality and the equality of variances tests. An overall significance (P \ 0.05) was established for rejecting the null hypothesis that the three groups are not different, therefore pairwise differences between the groups were assessed by using the Holm-Sidak method of adjustment for multiple comparisons. Two-way repeated measures analysis of variance was used to compare the SI values among experimental groups (factor 1: infarct vs. normal, factor 2: age of infarct). Although the test of normality failed in this data set, thanks to the equality of variances, the equality of group sizes, and the high power of the performed test (0.989 with a = 0.05), the assumption of the F test in the two-way ANOVA with repeated measures was not violated [16] . An overall significance (P \ 0.05) was established for rejecting the null hypothesis that the six groups are not different. Pairwise differences between the groups were assessed by using the Holm-Sidak method of adjustment for multiple comparisons. A value of P \ 0.05 was considered significant in all statistical tests.
Results
Gd(ABE-DTTA) highlighted the infarct in all cases on day 4, but not at all on day 14 or on day 28 following MI (see an example shown in Fig. 2) . By days 13 and 27 post MI, the previously administered Gd(ABE-DTTA) completely cleared from the myocardium, including the infarct area. The mean ± SD signal intensity (SI) of infarcted myocardium in the presence of Gd(ABE-DTTA) significantly differed on day 4 from that of healthy myocardium (45 ± 16.0 vs. 10 ± 5.0, P \ 0.05), but it did not on day 14 (11 ± 9.4 vs. 10 ± 5.7, P = NS), nor on day 28 (7 ± 1.5 vs. 7 ± 2.4, P = NS) (Fig. 3.) . The mean ± SD signal intensity enhancement (SIE) induced by Gd(ABE-DTTA) was 386 ± 165% on day 4, significantly different from SIE on day 14 (9 ± 20%), and on day 28 (12 ± 18%) following MI (P \ 0.05). The last two mean values did not vary significantly (P = NS) between them. Gd(DTPA) highlighted the infarct in all cases on day 27, inducing a SIE value of 312 ± 40%. T2 weighted (T2w) signal enhancement was seen in the segments supplied by the infarct related artery (IRA) (Fig. 4) . This enhancement appeared not only during the acute but also during the subacute and late subacute phase of the MI. The pattern of the enhancement was very similar in these three different phases of scar healing. The mean ± SD SIE on day 3, 13, or 27 did not differ significantly (P = NS) on T2-TSE images (114 ± 41, 123 ± 41, and 150 ± 79%, respectively). The existence of infarcts was also confirmed by TTC staining.
Discussion
It had been shown earlier that Gd(ABE-DTTA) differentiates between acute and 4-week old myocardial infarcts (MI) in a canine, double infarct model [5, 6] . This previous model was designed to demonstrate the agent's ability to differentiate between acute and late subacute MIs in an animal having both types of myocardial infarct simultaneously. The principal finding of the current study is that Gd(ABE-DTTA) has a similar ability already at an earlier age of infarct, i.e. 14 days following MI. It shows that the infarct affinity of Gd(ABE-DTTA) has already vanished in the subacute phase of scar healing. This study also confirms the agent's ability to differentiate acute and older myocardial infarcts in an experimental study design different from the design in the previous study. It is also demonstrated, that T2w imaging highlights the infarcts and the segments supplied by the infarctrelated artery (''area at risk'') similarly in the acute, subacute and late subacute phase, i.e. T2w imaging is not able to distinguish among these different phases of the myocardial infarct healing during the time window the study uses while Gd(ABE-DTTA) does, using the animal model, phased-array coil, and pulse sequences described above.
To the best of our knowledge, similar results have not been obtained using any other MRI contrast agent or any other MRI method, capable of differentiating new myocardial infarcts from existing acute infarcts as early as in the subacute phase, achieving this with high sensitivity and specificity.
Several methods using cardiovascular MRI for differentiation between acute and older myocardial infarcts have been published, but none of them showed ability to differentiate an acute infarct from a subacute infarct, allowing its use for infarct age differentiation early on.
An intravascular, high molecular weight contrast agent, P792, Vistarem (Guerbet Group, Paris, France) was recently studied by Saeed et al. [17] at two different time-points in a single MI, in a porcine model. Vistarem induced hyperenhancement in the acute infarct but not in the later, chronic phase of MI. The authors have also demonstrated the superiority of their method over the T2-weighted (T2w) MRI technique for differentiation between acute and chronic MI. The significant difference from our current study was that Saeed et al. elucidated the affinity to MI of the CA in an advanced, chronic phase of scar healing, at 2 months of infarct age.
Similarly, Abdel-Aty et al. [18] compared patients' MI in the acute vs. chronic phase. They combined Gd(DTPA)-induced DE with T2-weighted (T2w) MRI. T2-weighted MRI sequences are sensitive to water-bound protons. The distinction was based on an elevated T2w signal intensity due to infarct-related edema, which was expected to be present exclusively in the acute phase of MI [18] . Abdel-Aty et al. applied their method to compare with an older infarct than was investigated in our current study.
Kim et al. [19] used contrast enhanced steady state free precession (SSFP) MRI for the differentiation between acute and chronic (above 6 month old) MIs in patients. Two minutes after Gd(DTPA) administration they observed elevated mean signal intensity in acute infarct areas with SSFP MRI. Chronic infarct regions, however, showed signal intensities similar to that of normal myocardium.
Our results showing that T2w imaging enhances the signal intensity in the territory of myocardial infarcts in subacute and late subacute infarcts are in accord with a previous publication of Johnstone et al. [20] . They found that the T2 relaxation time of the infarcted myocardium increased markedly at 3 days and remained elevated for 2 months in rabbits.
A 14 days old infarct is markedly different from a 28 days old infarct from the histological point of view. Richard et al. evaluated 14 day old myocardial infarcts [21] in a canine, reperfused model which were ''characterized by a central core of persistent necrotic myocytes surrounded by an irregular rim of inflammatory cells, macrophages, and young scar (granulation tissue) composed of fibroblasts, new capillaries, and collagen.'' Histology samples taken from four week old myocardial infarcts of canines [5, 6] , on the other hand, showed a more advanced stage of healing, with granulation tissue, collagen deposition, and small areas of interstitial fibrosis adjacent to the late subacute infarct. It is clear from these tissue differences that no extrapolations could be made about the affinity of Gd(ABE-DTTA) to subacute infarct on the basis of results obtained in late subacute infarct, and that experimental comparison between the two was warranted. It also needs to be noted, from a potential clinical point of view, that MRI distinction between an acute and a subacute infarct would be of paramount importance for the in vivo validation of a pathological and clinical entity, the myocardial infarct extension. Infarct extension is defined clinically as an early in-hospital reinfarction after myocardial infarction, appearing in histology as acute foci of contraction band necrosis around a subacute infarct [22] . Until now, the in vivo verification of this pathological entity has not been possible with any imaging modality due to the lack of capability for differentiation between an acute and a subacute infarct. The exact mechanism of the DE phenomenon is not known to date even for standard extracellular agents. Enlarged distribution volume due to sarcolemmal membrane rupture in acute infarcts and low grade of cellularity with expanded interstitial collagen matrix in chronic scar tissue have been suggested as potential mechanisms for infarct accumulation of such agents [2, [23] [24] [25] [26] . The exact mechanism of the delayed enhancement effect induced by Gd(ABE-DTTA) is not known to date, either. The possible mechanisms [5, 6] may differ from that induced by standard extracellular CAs considering the different behaviour of the two agent types in subacute infarcts.
The differentiation shown by Gd(ABE-DTTA) on the basis of infarct age as early as in the subacute phase, indicates that this agent may become a reliable diagnostic tool in several important clinical situations, once it is approved for human application. The most important potential scenarios would be the following:
Localization of the ''culprit'' vessel in patients with multi-vessel CAD in acute NSTEMI in the presence of an old MI In the course of a non-STEMI in patients with multivessel CAD, the determination of the culprit vessel could be challenging if the ECG is non-informative. In these cases, DE-MRI with standard extracellular contrast agents (e.g. Gd(DTPA)) can localize the myocardial infarct (NSTEMI). If an older infarct is also present, Gd(DTPA) will highlight both the old and the new infarct. The additional use of Gd(ABE-DTTA) could selectively highlight the infarct corresponding with the culprit vessel. This could serve as a guide to the interventionalist for PCI.
Detection of the extension of the myocardial infarct in its subacute phase Infarct extension is an event in the course of myocardial infarction [27] with serious short and long term consequences. It is defined clinically as an early in-hospital reinfarction after myocardial infarction. The pathologic finding of infarct extension is necrotic and healing myocardium of different recent (acute and subacute) ages within the same infarct territory [22] . Until now, the in vivo verification of this pathological event was not possible with any imaging modality due to the lack of capability for differentiation between an acute and a subacute infarct. Gd(ABE-DTTA), however, would be able to distinguish between acute and subacute myocardial infarcts allowing the in vivo verification of extension of the myocardial infarct.
Study limitations
Our study has some limitations. Because of its special tissue kinetics properties, it is necessary to administer Gd(ABE-DTTA) ca. 24 h before MRI imaging. This would introduce an inconvenience, but not an unprecedented one, in a clinical setting.
Conclusions
In summary, we have shown that DE-MRI using Gd(ABE-DTTA) differentiates with high sensitivity and specificity between acute and 2-week-old (subacute) MI as it does between acute and 4-week old (late subacute) MI, in a reperfused, canine, single MI model. The infarct affinity of Gd(ABE-DTTA) vanishes as early as the subacute phase of scar healing.
This feature of Gd(ABE-DTTA) may become a reliable tool in several clinical situations, assuming the agent's approval for human application.
